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Abstract
The use of Mt. Epomeo Green Tuff (MEGT) as a building stone is widespread on Ischia Island (Italy). We assess
here the fire resistance of MEGT by thermally stressing samples to temperatures up to 1000 °C. Porosity and uni-
axial compressive strength increase and decrease from 44% and 4.5 MPa at ambient temperature to 48% and 1.5
MPa following exposure to 1000 °C, respectively. Complementary thermogravimetric and X-ray powder diffraction
analyses, experiments that monitor acoustic emissions during heating/cooling, and microstructural observations
highlight that these changes are the result of thermal microcracks, formed due to the breakdown of zeolites and
clays (MEGT contains 35 wt.% analcime, 15 wt.% smectite, and 3 wt.% illite) at high temperature. Although the
stability of structures built from MEGT will be jeopardised at high temperature, a very low thermal diffusivity re-
quires that fires must burn for many hours to compromise the strength of a typical dimension stone: tuffs are tough
in the event of fire.
Résumé
Le tuf vert de Mt. Epomeo (MEGT) est très utilisé comme matériau de construction dans l’ile d’Ischia (Italie).
Nous avons analysé la résistance au feu du MEGT en soumettant cette roche à des traitements thermiques à des
températures allant jusqu’à 1000°C. Si la porosité du MEGT augmente de 44% à température ambiante, à 48% à
1000 °C, sa résistance en compression uniaxiale décroit de 4,5 à 1,5 MPa sur le même intervalle de température.
Des analyses thermogravimétriques et par diffractométrie de rayons X, l’enregistrement des émissions acoustiques
durant le chauffage et le refroidissement, ainsi que des observations de la microstructure montrent que les chan-
gements observés sur le MEGT après traitement thermique sont liés au développement de microfissures. Ces mi-
crofissures se forment à cause de la rupture des zéolites et des argiles à haute température. Le MEGT contient 35%
d’analcime, 15% de smectite et 3% d’illite. Bien que la stabilité de structures construites avec le MEGT puisse être
compromise à haute température, la très faible diffusivité thermique de cette roche nécessite un incendie très long
(plusieurs heures) pour vraiment réduire la résistance des blocs de roche typiquement utilisés dans les édifices de
l’ile d’Ischia. Le tuf peut de ce fait être considéré comme une roche résistante en cas d’incendie.
Keywords: Zeolite; Porosity; Uniaxial compressive strength;
Acoustic emissions; Microcracks; X-ray powder diffraction
1 Introduction
Tuffs—deposits from explosive eruptions—have been
used worldwide as a building stone for millennia
[Heiken 2006]. The use of tuff as a building stone is
particularly prevalent in Italy. Notable examples in-
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clude the cities of Naples [e.g. Calcaterra et al. 2000;
de’Gennaro et al. 2000; Evangelista et al. 2000; Colella
et al. 2001; Calcaterra et al. 2005; Heap et al. 2012;
Benedetto et al. 2015; Heap et al. 2018] and Rome [e.g.
De Casa et al. 1994; Jackson et al. 2005]. The use
of green-coloured tuff from Mt. Epomeo as a build-
ing stone is widespread on Ischia Island (a volcanic is-
land in the Tyrrhenian Sea at the northern end of the
Gulf of Naples, Italy). The Mt. Epomeo Green Tuff
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(MEGT), a massive green-coloured alkali-trachytic py-
roclastic flow deposit, was formed following an explo-
sive caldera-forming eruption about 55 ka [Orsi et al.
1991; Tibaldi and Vezzoli 1998; Brown et al. 2007]. The
MEGT represents the largest known eruption on Ischia
Island and has an estimated volume of 40 km3 [Tomlin-
son et al. 2014]. MEGT is commonly used to construct
walls and houses (Figure 1), including the striking San
Ciro church (Figure 1A). Statues are found hewn from
blocks of the green tuff (Figure 1B) and many houses
and restaurants are built on top of, or inside, large
blocks that litter the slopes of Mt. Epomeo and Mt.
Nuovo as a result of historic rock avalanches [Seta et
al. 2012; Della Seta et al. 2015] (Figure 1C–D).
Due to the widespread use of tuff as a building stone
worldwide, many studies are devoted to understand-
ing, for example, their resistance to fire [e.g. Duvarcı et
al. 2007; Gomez-Heras et al. 2006; Heap et al. 2012],
resistance to salt weathering [e.g. Török et al. 2004;
Zedef et al. 2007; Vacchiano et al. 2008; Oguchi and
Yuasa 2010; Yavuz 2012; Russa et al. 2017], resistance
to freeze-thaw weathering [e.g. Chen et al. 2004; Török
et al. 2004; Oguchi and Yuasa 2010; Nijland et al. 2010;
Ruedrich et al. 2011; Yavuz 2012], and their strength
in the presence of water and following wetting-drying
cycles [e.g. Jackson et al. 2005; Siedel 2010; Oguchi
and Yuasa 2010; Zhu et al. 2011; Benedetto et al. 2015;
Heap et al. 2018].
The vulnerability of tuffs often used in construction
in the Neapolitan area of Italy to the high tempera-
tures of fire was the focus of a recent study by Heap
et al. [2012]. These authors found that the strength of
only one of the three tuffs was reduced following expo-
sure to high temperature (up to 1000 °C). The weaken-
ing of this tuff—the Neapolitan Yellow Tuff—was found
to be the result of microcracking and the disintegra-
tion of the matrix due to the dehydration and break-
down of zeolites (phillipsite, chabazite, and analcime)
at high temperature; the other two tuffs did not con-
tain any zeolites and were therefore unaffected by ex-
posure to high temperature [Heap et al. 2012]. Since
the MEGT contains zeolites (Pola et al. [2012] and Mar-
moni et al. [2017a]), we may expect similar reductions
in strength. However, Marmoni et al. [2017a] found
that the strength of MEGT did not change systemati-
cally following exposure to temperatures up to 300 °C.
The influence of higher temperatures, such as those ex-
perienced during fires, on the physical properties of
MEGT is currently unknown.
Fires are a secondary hazard in tectonically and vol-
canically active areas, and a Mediterranean climate
consisting of hot and dry summers can exacerbate nat-
ural and accidental fires. For example, a fire of vast
proportions (covering an area of ∼1 km2) engulfed the
wooded southwestern slope of Mt. Epomeo (MEGT
forms a significant component of Mt. Epomeo: Mar-
moni et al. [2017a]), between the towns of Forio and
Serrara Fontana, in August 2017 (Figure 2). We present
a study designed to better understand the influence
of the high temperatures (up to 1000 °C) of fire (or
from inundation by lava flows) on the physical prop-
erties (porosity and strength) of MEGT. Uniaxial com-
pressive strength tests on thermally stressed samples of
MEGT are supported by X-ray powder diffraction anal-
yses (XRPD) on “as collected” (i.e. material that has
undergone no heating or deformation) and thermally
stressed MEGT, thermal property data (thermal diffu-
sivity, thermal conductivity, and specific heat capac-
ity), thermogravimetric data, acoustic emission (AE)—
a proxy for microcracking—monitoring during heating
and cooling, and microstructural observations of ther-
mally stressed samples. Finally, we modelled heat con-
duction in an MEGT dimension stone to assess time-
dependent physical property modifications during fire.
2 Experimental materials and methods
The microstructure and mineral content of our block
of MEGT was first investigated using scanning elec-
tron microscopy (SEM) and X-ray powder diffraction
(XRPD), respectively. The block—collected from the
northern slope of Mt. Epomeo—is the same block used
in recent mechanical studies focussed on gravitational
slope deformation [Marmoni et al. 2017a; Marmoni et
al. 2017b]. Thin sections were prepared from the as
collected material and imaged using a Tescan Vega 2
XMU scanning electron microscope (SEM). The min-
eral content was quantified using XRPD using a pow-
dered sample of the as collected MEGT. 10 wt.% ZnO
(internal standard) was added to the MEGT powder
and the powdered mixture was ground for 8 min with
10 ml of isopropyl alcohol in a McCrone Micronising
Mill using agate cylinder elements. The XRPD analyses
were performed on powder mounts using a PW 1800
X-ray diffractometer (CuKα, graphite monochromator,
10 mm automatic divergence slit, step-scan 0.02°2 θ in-
crements per second, counting time one second per in-
crement, 30 mA, 40 kV). The phases in the whole rock
powders were quantified using the Rietveld program
BGMN [Bergmann et al. 1998]. To identify the clay
minerals, we also separated < 2 µm fractions by grav-
itational settling and prepared oriented mounts that
were X-rayed in an air-dried and an ethylene-glycolated
state.
The studied block of MEGT is a heterogeneous green-
coloured ignimbrite deposit that contains lithic frag-
ments (< 10 mm in diameter), porous lapilli (i.e.
pumice) fragments (< 20 mm in diameter), and phe-
nocrysts hosted within an altered matrix (Figure 3; Ta-
ble 1). The phenocrysts are mainly Na-rich sanidine
(17 wt.%), Na-poor K-feldspar (25 wt.%), plagioclase
(50 wt.%), and biotite (2 wt.%) (Figure 3; Table 1). The
altered matrix comprises analcime (35 wt.%), smectite
(12 wt.%), and Fe-rich illite (3 wt.%) (Table 1). Our
block of MEGT is therefore similar in mineral con-
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Figure 1: The use of Mt. Epomeo Green Tuff (MEGT) in construction on Ischia Island (Italy). [A] The San Ciro
church. [B] Statue carved from a block of MEGT. [C] Restaurant built using MEGT on top of a block of MEGT.
[D] House built inside a block of MEGT. [E] Wall constructed using blocks of MEGT. Photo credit for all pictures:
M.J. Heap.
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Figure 2: [A] and [B] Photographs of the August 2017
fire that engulfed the wooded southwestern slopes of
Mt. Epomeo. [C] Photograph of the charred volcanic
slope following the fire. Photographs taken by, and
used with permission from, Michele Abbagnara.
tent to the clasts (pebble- to boulder-sized) of MEGT
found in polymictic breccia that covers large portions
of the area from just downslope of the summit of Mt.
Epomeo to the southern coast several km away [Altaner
et al. 2013]. This mineral content indicates a high alter-
ation temperature (> 70 °C) in a mostly closed chem-
ical system [Altaner et al. 2013]. Our XRPD analysis
also found subordinate calcite (1 wt.%) and cristobalite
(< 1 wt.%) (Table 1) and our microstructural analysis
highlighted the presence of iron and titanium oxides
Table 1 – Quantitative bulk mineralogical composition,
determined using X-ray powder diffraction (XRPD), for
the “as collected” (i.e. material that has undergone
no heating or deformation) Mt. Epomeo Green Tuff
(MEGT) used in this study.
Mineral Mineral content (wt.%)
Na-rich sanidine 17 ± 2
Plagioclase 5 ± 1
Biotite 2 ± 1
Analcime 35 ± 2
Na-poor K-feldspar 25 ± 2
Cristobalite < 1
Calcite 1 ± 2
Smectite 12 ± 3
Fe-rich illite 3 ± 2
(Figure 3). Our XPRD analysis found no residual glass
(Table 1). Microstructurally, the MEGT is very hetero-
geneous and contains pores of various sizes (from a few
tens of microns up to a few millimetres in diameter)
(Figure 3) and large (often several millimetres long) al-
tered porous fragments (Figure 3).
Cylindrical samples were cored in the same orien-
tation from a single block of MEGT to a diameter of
25 mm and cut and precision-ground to a nominal
length of 60 mm. Samples were cored so as to avoid
centimetric-scale juvenile lapilli and lithic fragments.
To avoid the washout of porous lapilli and the fine frac-
tion, the sample block was first soaked in water and
then cored dry (i.e. samples were cored without run-
ning water). A total of 25 cylindrical samples were
prepared, gently washed to remove any water-soluble
grinding fluid, and then dried in a vacuum at 40 °C for
at least 48 h. Their connected porosities were deter-
mined using a helium pycnometer (Micromeritics Ac-
cuPyc II 1340). The average connected porosity of these
25 samples was measured to be 44.7% (standard devi-
ation of 1.6%). To avoid problems with sample vari-
ability, we selected a subset of 14 cores with similar
connected porosities (average of 44.8% and a standard
deviation of 0.7%). Pairs of samples were heated to
target temperatures of 100, 200, 300, 500, 750, and
1000 °C in an oven at ambient pressure. Samples were
heated at a constant heating rate of 1 ◦Cmin−1, left at
the target temperature for 2 h, before being cooled back
to ambient temperature at 1 ◦Cmin−1. The colour of
the samples changed from pale green to yellow-orange
following exposure to 500 °C and, finally, to blood-
orange following exposure to 1000 °C (Figure 4). The
connected porosities of the thermally stressed samples
were then remeasured using the helium pycnometer. A
pair of samples was left unheated to serve as a com-
parison. Finally, the 14 samples were deformed uni-
axially at ambient temperature at a strain rate of 1.0 ×
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Figure 3: Backscattered scanning electron microscope
images of “as collected” (i.e. material that has under-
gone no heating or deformation) Mt. Epomeo Green
Tuff (MEGT).
10−5 s−1 until macroscopic failure. A lubricating wax
was applied to the ends of the samples to reduce fric-
tional constraint at the interface between the sample
and the pistons [Labuz and Bridell 1993]. The out-
put of AE during deformation was monitored using a
wideband (bandwidth of 100-1000 kHz; from Physi-
cal Acoustics) AE sensor—embedded within the bottom
endcap—connected to a USB AE node (a single channel
AE digital signal processor with a built-in 26 dB pre-
amplifier; from Physical Acoustics). AEs are high fre-
quency elastic wave packets generated by the rapid re-
lease of strain energy and are frequently used as a proxy
for microcracking in laboratory experiments [e.g. Lock-
ner 1993]. In our experiments, an AE “hit” was counted
if the amplitude of the received signal exceeded the de-
tection threshold (set at 30 dB). The AE energy (in ar-
bitrary units) of an AE hit was calculated as the area
under the received waveform.
We also performed thermo-gravimetric analysis
(TGA) on a powdered sample (∼40 mg) of MEGT us-
ing a Netzsch Pegasus 404 thermal analysis device. The
powdered sample was heated in an atmosphere flushed
with argon at a flow rate of 20 ml min−1 inside a plat-
inum crucible (with lid). The powders were first heated
to 100 °C. This temperature was kept constant for 20
minutes to ensure that any free water (i.e. not struc-
turally bound) was removed. The powder was then
heated at 1 ◦Cmin−1 to 1000 °C. This type of analysis
tracks the mass loss of a sample as a result of, for ex-
ample, the dehydroxylation of zeolites during heating
(see, for example, de’Gennaro and Colella [1989] and
Heap et al. [2012]).
The output AE during heating and cooling was
recorded on an additional cylindrical sample (20 mm
in diameter and nominally 40 mm in length) using a
system specifically designed to record AE at high tem-
perature. The setup consists of a servo-controlled uni-
axial press and a tube furnace [Griffiths et al. 2018].
The sample was held between the pistons of the uniax-
ial press, under a constant servo-controlled load of 100
N. The tube furnace was placed around the sample and
pistons and programmed to heat the sample at a rate of
1 ◦Cmin−1 to a target temperature of 700 °C, dwell for
2 h at the target temperature, before cooling the sample
back to ambient temperature at a rate of 1 ◦Cmin−1. AE
activity was detected using a micro80 AE sensor (band-
width of 200-900 kHz and a resonant frequency of 325
kHz; from Physical Acoustics) embedded in the centre
of the upper piston, which acts as a continuous wave
guide. The AE sensor was connected to a USB AE node,
and the detection threshold was set at 40 dB. This sys-
tem is optimised for recording AE during heating: (1)
the upper piston acts as a continuous wave guide, cir-
cumventing attenuation due to surface interfaces; (2)
the sensor is embedded within the centre of the piston
rather than on the side, improving amplitude and fre-
quency content of the signal; (3) the piston is cooled (to
protect the sensor) using a custom-built air-cooling sys-
tem that does not generate detectable electrical or me-
chanical noise; (4) the servo-controlled displacement of
the lower piston during heating and cooling compen-
sates for their thermal expansion and contraction, pro-
viding a constant load on the sample to avoid any oscil-
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Figure 4: Photograph of a suite of thermally stressed samples of Mt. Epomeo Green Tuff (MEGT). Temperature
quoted above each sample is the thermal stressing temperature. “Ambient” (i.e. ambient temperature) indicates
a sample that underwent no thermal stressing.
lation in coupling and, ultimately, in the AE detection
threshold [Griffiths et al. 2018].
The thermal diffusivity, thermal conductivity, and
specific heat capacity of the MEGT were measured us-
ing a Hot Disk TPS 500 Thermal Constants Analyser
using the Hot Disk method [Gustafsson 1991; Gustavs-
son et al. 1994]. A Kapton sensor 6.403 mm in radius
was sandwiched between two 40 mm-diameter cylin-
drical samples (20 mm long) and measurements were
conducted at a system output power of 150 mW for
40 s. The measurements were conducted at ambient
temperature (21 °C). Specific heat capacity was calcu-
lated by the system after measurement. A series of
four consecutive measurements was performed on dif-
ferent sample surfaces to account for sample hetero-
geneity. Individual measurements were performed at
least 5 min apart, to ensure that the sample tempera-
ture returned to 21 °C before the subsequent measure-
ment. No corrections were made to the measured value
of thermal conductivity [see Nabelek et al. 2010, for ex-
ample].
Microstructural analyses were performed on thin
sections prepared from samples of MEGT thermally
stressed to 500 and 750 °C using the aforementioned
SEM.
3 Results
3.1 Connected porosity and uniaxial compressive
strength
The stress-strain curves of selected experiments at each
thermal stressing temperature are shown in Figure 5,
and are typical of those for brittle rock in compres-
sion [e.g. Hoek and Bieniawski 1965; Brace et al. 1966;
Scholz 1968]. Figure 5 shows that the strength of MEGT
is clearly reduced as thermal stressing temperature in-
creases, best shown on a plot of uniaxial compres-
sive strength (UCS) as a function of thermal stressing
temperature (Figure 6A). We also find that connected
porosity increases with thermal stressing temperature
(Figure 6B). In detail, connected porosity and UCS in-
crease and decrease from 44% and 4.5 MPa at ambi-
ent temperature to 48% and 1.5 MPa following expo-
sure to 1000 ◦C, respectively (Figure 6; Table 2). The
stress-strain curves and cumulative AE energy curves
are plotted for a sample left at ambient temperature
and for samples thermally stressed to temperatures of
500 and 1000 ◦C in Figure 7. While the output of AE
accelerates up to failure in the ambient and 500 ◦C sam-
ple (Figure 7A and 7B), typical for brittle rock in com-
pression [e.g. Scholz 1968], AE activity for the sample
thermally stressed to 1000 ◦C does not accelerate up to
failure. These data also show that the cumulative AE
energy during deformation and failure is much greater
for the 1000 ◦C sample than for the ambient and 500 ◦C
samples (Figure 7).
3.2 Thermogravimetric analysis
Relative mass as a function of temperature is shown
in Figure 8. The data show that MEGT loses ∼3.2%
of its mass up to a temperature of ∼300 ◦C, and a fur-
ther ∼1.1% from ∼300 to ∼630 ◦C (Figure 8). There is
little change in mass from ∼630 ◦C up to the maximum
temperature of 1000 ◦C (Figure 8).
3.3 Acoustic emission activity during heating and
cooling
The output of AE during heating to and cooling from
700 ◦C are shown in Figure 9. Significant AE activity
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Table 2 – Summary of the experimental data collected for this study.
Sample
number
Thermal stressing
temperature (°C)
Connected
porosity (%)
Uniaxial
compressive
strength (MPa)
MEGT 1 - 43.5 4.94
MEGT 3 - 44.4 4.05
MEGT 6 100 44.9 3.98
MEGT 8 100 44.1 5.18
MEGT 7 200 46.1 2.60
MEGT 9 200 44.6 4.91
MEGT 10 300 47.3 2.57
MEGT 12 300 47.1 3.65
MEGT 13 500 47.2 2.74
MEGT 14 500 46.1 4.19
MEGT 15 750 49.3 2.69
MEGT 16 750 48.6 1.94
MEGT 17 1000 47.9 1.72
MEGT 18 1000 48.1 1.32
MEGT = Mt. Epomeo Green Tuff.
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Figure 5: Uniaxial stress-strain curves for samples of
Mt. Epomeo Green Tuff (MEGT). Temperature next to
each curve corresponds to the thermal stressing tem-
perature. “Ambient” (i.e. ambient temperature) indi-
cates a sample that underwent no thermal stressing.
starts at ∼200 ◦C during the heating cycle and contin-
ues up to the maximum temperature of 700 ◦C (Fig-
ure 9B). There are two large spikes in AE activity dur-
ing heating, at a temperature of ∼370–380 ◦C and a
temperature of ∼540–580 ◦C (Figure 9A). Far fewer AE
were recorded during the cooling phase than during the
heating phase (Figure 9B).
3.4 Thermal property data
Values of thermal conductivity, thermal diffusivity,
and volume-specific heat capacity for MEGT are
0.499 WmK−1, 0.451 mm2 s−1, and 1.132 MJm−3 K−1,
respectively (Table 3).
3.5 Microstructural observations
Backscattered SEM images of samples of MEGT ex-
posed to temperatures of 500 and 700 ◦C (i.e. before
and after the large spike in AE activity at tempera-
tures of ∼540–675 ◦C; Figure 9) are shown in Figure 10.
Microcracks are observed within the altered matrix of
these thermally stressed samples (Figure 10B). Many
more microcracks are seen in the 750 °C sample (Fig-
ure 10C and 10D) than in the sample heated to 500 ◦C
(Figure 10A and 10B). The formed microcracks appear
very tortuous and often deflect around the small crys-
tals that form the altered matrix (Figure 10B). The large
microcrack seen in the sample heated to 750 ◦C appears
to have originated from inside one of the porous frag-
ments Figure 10C and 10D).
3.6 Mineral content of MEGT following exposure to
high temperature
To better understand the changes to the mineral con-
tent of the MEGT following exposure to high temper-
ature, we performed XRPD analysis on a sample of
powdered MEGT that had been thermally stressed to
1000 ◦C. The XRPD procedure was performed as de-
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Table 3 – Thermal properties of Mt.Epomeo Green Tuff, Neapolitan Yellow Tuff, Grey Campanian Ignimbrite,
and high-strength concrete.
Sample
Thermal
conductivity
(WmK−1)
Thermal
diffusivity
(mm2 s−1)
Volume-specific
heat capacity
(MJm−3 K−1)
Mt.Epomeo Green Tuff 0.4990 0.4513 1.1324
Neapolitan Yellow Tuff 0.4004 0.2902 1.3801
Grey Campanian Ignimbrite 0.4148 0.4360 0.9246
High-strength concrete 3.0997 1.4537 2.1729
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Figure 6: [A] Uniaxial compressive strength (UCS) as
a function of thermal stressing temperature for Mt.
Epomeo Green Tuff (MEGT) (open symbols). The filled
symbols are the averages of two measurements (Ta-
ble 2). [B] Connected porosity as a function of thermal
stressing temperature for MEGT (open symbols). The
filled symbols are the averages of two measurements
(Table 2).
scribed above. The XRPD profiles for an as collected
sample and a sample exposed to 1000 ◦C are shown
in Figure 11. The curves show that, following expo-
sure to 1000 ◦C, the sample has lost analcime, smec-
tite, and Fe-rich illite (Figure 11). The curves also in-
dicate a slight decrease in biotite and the growth of
an amorphous phase and other hitherto unidentified
phases (Figure 11).
4 Discussion
4.1 The weakening of MEGT following exposure to
high temperature
Our data show that the strength of MEGT is reduced
from ∼4.5 MPa at ambient temperature down to ∼1.5
MPa following exposure to 1000 ◦C (Figure 6A; Ta-
ble 2), a reduction in strength of ∼70%. A similar
reduction in strength was seen for Neapolitan Yellow
Tuff following exposure to high temperature: strength
was reduced from ∼3.4 MPa at ambient temperature
to ∼0.7 MPa following exposure to 750 ◦C, a reduction
of ∼80% (Figure 12; Heap et al. [2012]). The weaken-
ing of the Neapolitan Yellow Tuff following exposure
to high temperature was found to be the result of mi-
crocracking due to the dehydration and breakdown of
zeolites (phillipsite, chabazite, and analcime) [Heap et
al. 2012].
Our thermogravimetric analysis can be interpreted
here to record the dehydration and dehydroxylation
of the zeolites and clays within the matrix (Figure 8).
Indeed, our XRPD analyses (Figure 11) show that
MEGT loses analcime, smectite, and illite following ex-
posure to high temperature. Our thermogravimetric
analysis can provide the temperature ranges at which
these reactions take place, to guide our mechanical
and microstructural interpretations. Smectite typically
dehydrates at temperatures ∼100–150 ◦C and under-
goes mass loss due to dehydroxylation at temperatures
∼400–600 ◦C [Girgis et al. 1987]. However, the smec-
tite within our block of MEGT is probably charac-
terised by a cis-vacant dioctahedral structure due to
the abundance of Al and therefore likely dehydroxy-
lates at slightly higher temperatures, between 650 and
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Figure 7: Uniaxial stress-strain curves for samples of
Mt. Epomeo Green Tuff (MEGT) together with the
cumulative output of AE energy. [A] MEGT sample
left at ambient temperature (i.e. a sample that under-
went no thermal stressing). [B] MEGT sample ther-
mally stressed to 500 ◦C. [C] MEGT sample thermally
stressed to 1000 ◦C.
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Figure 8: Relative mass as a function of temperature for
Mt. Epomeo Green Tuff (MEGT).
tion of Fe-illite occurs at a temperature of ∼100 ◦C and
large mass losses due to dehydroxylation occur at tem-
peratures from ∼350 ◦C [Murad 1996]. Mass losses due
to the dehydroxylation of Fe-illite peak at ∼565 ◦C and
Mössbauer spectroscopy highlighted the disappearance
of Fe +2 at temperatures of ∼250 ◦C [Murad 1996]. Anal-
cime irreversibly loses water and phillipsite undergoes
a partial reversible dehydration at ∼240 ◦C [de’Gennaro
and Colella 1989]. The structure of analcime reaches
a maximum distortion at ∼375 ◦C, associated with the
complete loss of water and a reduction in volume [Cru-
ciani and Gualtieri 1999]. Our thermogravimetric anal-
ysis shows that the majority of the mass loss occurs up
to a temperature of ∼300 ◦C (Figure 8), a likely result
of the high proportion of analcime (35 wt.%) compared
to smectite and Fe-rich illite (12 and 3 wt.%, respec-
tively). The mass loss between ∼400 and ∼650 ◦C is
likely associated with the dehydroxylation Fe-rich illite
[Murad 1996] and perhaps the start of the dehydroxy-
lation of the Al-rich smectite [Wolters and Emmerich
2007]. The thermogravimetric data for MEGT (Fig-
ure 8) are similar to data for other zeolite-bearing tuffs
[e.g. de’Gennaro and Colella 1989; Heap et al. 2012].
Our AE data show that MEGT undergoes thermal mi-
crocracking during heating and cooling (Figure 9). The
output of AE has been previously used to monitor ther-
mal microcracking in rock during heating [e.g. Glover
et al. 1995] and during heating and cooling [e.g. Heap
et al. 2014a; Browning et al. 2016; Griffiths et al. 2018].
Thermal microcracks are thought to be the consequence
of stresses that arise due to the mismatch in thermal
expansion and contraction of the mineral constituents.
We observed two large spikes in AE activity at tem-
peratures of ∼370–380 ◦C and ∼540–580 ◦C (Figure 9).
The temperature of the first AE spike corresponds to
the temperature of the maximum volume reduction in
analcime (∼375 ◦C; Cruciani and Gualtieri [1999]). We
suggest that the breakdown of analcime—which likely
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Figure 9: [A] The number of acoustic emission (AE) hits per 10 ◦C recorded during a thermal stressing experiment
on Mt. Epomeo Green Tuff (MEGT) to a maximum temperature of 700 ◦C. [B] A graph showing a zoom of the
data shown in panel [A] to highlight the AE hits recorded during cooling.
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Figure 10: Backscattered scanning electron microscope images of Mt. Epomeo Green Tuff (MEGT) that have
been thermally stressed to 500 ◦C (panel [A]) and 750 ◦C (panel [D]). Panels [B] and [D] show zoomed-in images
from panels [A] and [B], respectively (indicated by the red rectangles). Inset in panel [B] shows a close-up of the
fracture; the arrow indicates a crystal fragment that has deflected the path of the tortuous fracture.
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Figure 11: X-ray powder diffraction (XRPD) profile
for a sample of “as collected” (i.e. material that has
undergone no heating or deformation) Mt. Epomeo
Green Tuff (MEGT) and a sample of MEGT exposed to
1000 ◦C. Z – ZnO; B – biotite; A – analcime; S – smec-
tite; C – calcite; K – K-feldspar.
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Figure 12: Uniaxial compressive strength (UCS) as
a function of thermal stressing temperature for Mt.
Epomeo Green Tuff (MEGT) (data from this study; sym-
bols represent the average of two experiments, see Ta-
ble 2) and Neapolitan Yellow Tuff (data from Heap et al.
[2012]).
contributed to the lithification of ignimbrite deposits
[e.g. de’Gennaro et al. 2000]—resulted in microcrack-
ing, as exhibited by our AE data (Figure 9) and ob-
served in our microstructural analysis (Figure 10B).
We attribute the second spike in AE activity (∼540–
580 ◦C; Figure 9) primarily to the dehydroxylation of
Fe-rich illite, for which the maximum mass loss oc-
curs at a temperature of ∼565 ◦C [Murad 1996]. We
note that this temperature is slightly below that re-
quired for the dehydroxylation of Al-rich smectite (be-
tween 650 and 700 ◦C) [Wolters and Emmerich 2007],
although we cannot definitively rule out that some of
the smectite within the MEGT dehydroxylated within
this lower temperature range. The large number of
AE hits detected within this temperature range (∼540–
580 ◦C; Figure 9) are reflected in the microstructure: we
observe many, tortuous microcracks in the sample ther-
mally stressed to 750 ◦C (Figure 10C and 10D).
We therefore conclude that the observed weakening
in MEGT following exposure to high temperature (Fig-
ures 5 and 6) is primarily due to the dehydration and
breakdown of analcime up to a temperature of ∼400 ◦C
and the dehydroxylation of Fe-rich illite and smectite
at temperatures between ∼350 and ∼700 ◦C – both of
which contribute to thermal microcracking (Figures 8,
9 and 10).
4.2 Heat conduction modelling: how tough is tuff in
the event of fire?
To assess fire resistance of buildings constructed using
MEGT, we consider the diffusion of heat through a half-
space of MEGT. The diffusion of heat through a Carte-
sian half-space can be determined by solving:
dT (z)
dt
=
1
α
∂2T
∂z2
(1)
where T is temperature, z is the distance from the
heat source, t is time, and α is the thermal diffusivity
of the material. Our determination of α was not depen-
dent on temperature, and so we can make a simplifi-
cation to Equation 1 that results in the error function
solution that is analytical:
T (z)− Tw
Ti − Tw = 1− erf
 z2√αt
 (2)
where the limits of Tw and Ti represent the tempera-
ture of the wall heat source and the initial temperature
of block, respectively. In this formulation, 2
√
αt is the
lengthscale of diffusion used to normalize z on the right
hand side of Equation 2. Our conceptual model consid-
ers a width of MEGT consistent with a typical dimen-
sion stone (300 mm; see, for example, the stones used in
the San Ciro church shown in Figure 1A) and assumes a
fire temperature of Tw = 1000 ◦C. We solve Equation 2
for temperature at 0 < z < 300 mm and at times: 1,
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5, 10, and 20 hours. The results of our thermal mod-
elling are presented in Figure 13A. Figure 13A shows a
rectangle for each time step, designed to represent the
dimension stone (300 mm). The fire (at a constant tem-
perature of 1000 ◦C) is exposed to the left hand side of
the dimension stone and the isotherms (indicated by a
colour-coded scale: black – cold; white – hot) migrate
into the stone from left to right. When t = 0 h (i.e. the
first rectangle), for example, the dimension stone is en-
tirely black, indicating that the temperature is 20 ◦C.
Figure 13A shows that the 750 ◦C isotherm (the tem-
perature at which the microstructure is greatly affected
(Figure 10C and 10D) and the strength is notably lower
(Figures 5 and 6)) reaches 18 mm into the block after 1
h, 39.5 mm after 5 h, 57.5 mm after 10 h, and 81 mm
after 20 h (Figure 13A).
If we compare these model predictions with those
for siliceous-aggregate, high-strength concrete (HSC)
(the same material used in Heap et al. [2013]; α =
1.4537 mm2 s−1; Table 2) (Figure 13B), we find, due to
its higher thermal diffusivity, that the 750 ◦C isotherm
(also an important isotherm for the physical degrada-
tion of HSC due to the decarbonation of calcium car-
bonate between 650 and 740 ◦C; Heap et al. [2013]) re-
quires much shorter timescales to traverse the block
(Figure 13B). In the case of the HSC, the 750 ◦C
isotherm reaches 29 mm into the block after 1 h, 73
mm after 5 h, 103 mm after 10 h, and 145.5 mm after
20 h (Figure 13B). Thermal property measurements on
two other types of tuff commonly used in construction
in Italy—the Neapolitan Yellow Tuff and the grey Cam-
panian Ignimbrite (the same materials used in Heap et
al. [2012] and Heap et al. [2014b])—show that simi-
larly porous tuffs also have very low thermal diffusiv-
ities (Table 3). These tuffs will therefore show similar
heating profiles to the MEGT shown in Figure 13A.
Therefore, although the connected porosity and uni-
axial compressive strength of MEGT increase and de-
crease, respectively, with increasing thermal stressing
temperature (Figures 5 and 6), our modelling shows
that the low thermal diffusivity of MEGT (and other
similarly porous tuffs) requires that fires must burn for
many hours to jeopardise the stability of a typical di-
mension stone (Figure 13).
5 Concluding remarks
Due to its widespread use as a building material on Is-
chia Island (Italy; Figure 1), we examined the fire resis-
tance of Mt. Epomeo Green Tuff (MEGT). Although the
connected porosity and uniaxial compressive strength
of MEGT increase and decrease, respectively, with in-
creasing thermal stressing temperature (Figure 6)—due
to the formation microcracks (Figure 11) as a result
of the dehydration and breakdown of analcime and
clays (illite and smectite)—the low thermal diffusiv-
ity of MEGT requires that fires must burn for many
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Figure 13: Thermal modelling showing the isotherms
within a 300 mm block (represented by the rectangles)
of [A] Mt. Epomeo Green Tuff (MEGT) and [B] high-
strength concrete (HSC) for a constant fire temperature
of 1000 ◦C (from the left) after 0, 1, 5, 10, and 20 hours.
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hours to jeopardise the stability of a typical dimen-
sion stone (Figure 13). We further note that concrete
walls are generally thinner than walls constructed us-
ing natural dimension stones and, as such, the 750 ◦C
isotherm would likely travel through a concrete wall on
a timescale shorter than that depicted in Figure 13. We
conclude therefore that, in spite of the reported weak-
ening, tuffs are tough in the event of fire. We recom-
mend, in areas with a volcanically active past, that nat-
ural volcanic materials are used in modern construc-
tion due to their fire resistance, sustainability, and aes-
thetic qualities, rather than relying on concretes that
are associated with an additional CO2 fingerprint [e.g.
Worrell et al. 2001], a low resistance to fire (compared
to the tuffs discussed herein), and a short service life.
In the case of Ischia Island we also highlight that, al-
though the temperature of the fumaroles on the vol-
canic slopes currently rarely exceeds 100 ◦C, and that
the temperatures of the present-day shallow hydrother-
mal system are estimated to be ∼300 ◦C [Chiodini et al.
2004], an increase in temperature during renewed vol-
canic unrest could weaken the MEGT forming the vol-
canic slopes, increasing the risk of catastrophic slope
failure [e.g. Marmoni et al. 2017a].
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